Centrifugal pumps are the fundamental components of most industries. They are used in almost every industry to transfer liquid through pipes. The breakdown of a pump causes heavy production losses, and hence, the development of an economical and user-friendly condition monitoring system is vital in order to estimate the health of a pump in a timely manner, and to avoid an unscheduled breakdown. The intrusive condition monitoring techniques (such as vibration analysis and acoustic emission) developed for the fault diagnosis of pumps utilize expensive vibration sensors, and these sensors need to be installed on the pump body for data collection. Non-intrusive techniques (such as motor current analysis) have been proven to be economical, but have limited capabilities for diagnosing the incipient faults in pumps operating in a noisy industrial environment. The electric diagnostic technique (EDT) proposed in this paper does not require the purchase of extra sensors, and instead utilizes the existing sensors, which are usually installed on the machines, to measure and display the motor line current and voltage. The EDT has been developed in the Laboratory Virtual Instrument Engineering Workbench (LabVIEW) so as to measure the three-phase line current, and then transform it into two-phase d-q currents. These d-q currents are plotted as patterns, and the statistical features of these patterns are used to segregate the centrifugal pump fault types. Detailed experiments and evaluations have been performed in order to check the viability of the developed EDT technique.
Introduction
Breakdown maintenance was common practice in the earlier history of plant maintenance. Maintenance personnel would start the action when the plant was shut down as a result of a problem in any of the components of a machine [1] [2] [3] . As this type of maintenance was performed in reaction to a problem, it was named reactive maintenance. It was costly and time-consuming. Later on, the concept of scheduled maintenance was introduced, in which the parts of the machine were changed after a specific run-time, as recommended by the manufacturers. This maintenance strategy was also not optimal, as some parts were replaced while they were still in good working condition. To rectify these issues, plant engineers introduced the predictive maintenance concept, where the machine parts, performance, and health were monitored continuously, and maintenance was preplanned before the breakdowns [4] [5] [6] .
A centrifugal pump is a rotating machine used in the industry for the transfer of liquids through pipes. An unscheduled shutdown of a centrifugal pump in continuous process plants causes a huge A centrifugal pump is a rotating machine used in the industry for the transfer of liquids through pipes. An unscheduled shutdown of a centrifugal pump in continuous process plants causes a huge financial loss in terms of maintenance, cost, and downtime [7] . The maintenance cost distribution for the rotating machines at a petrochemical plant is shown in Figure 1 [8, 9] . It has been observed that 70% of the maintenance cost is associated with the pump. Therefore, a significant improvement in maintenance technology is required in order to reduce the maintenance cost associated with pumps. The centrifugal pump, as shown in Figure 2 , mainly consists of two parts, which are the induction motor and the pump assembly. The pump assembly has a further two main parts, which are the impeller and the bearings [10, 11] . Impeller faults and pipe blockages are the main reason for the breakdown of a centrifugal pump. In the past, centrifugal pump faults have been investigated through vibration analysis and acoustic emission techniques. The sensors used in the vibration analysis and acoustic emission analysis techniques are expensive. Furthermore, the vibration sensors and acoustic emission sensors need to be installed on the machine for data collection. Some machines in the industry are located in complex The centrifugal pump, as shown in Figure 2 , mainly consists of two parts, which are the induction motor and the pump assembly. The pump assembly has a further two main parts, which are the impeller and the bearings [10, 11] .
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Rotating-machine health can be examined through an analysis of the supply voltage, line current, and instantaneous power. Faults in the machine (i.e., impeller faults or pipe blockages) produce harmonics in the stator current and instantaneous power. An analysis of these harmonic frequencies could give an indication of machine health [14] [15] [16] . It is a non-invasive method, as the measurement of the stator current is performed through the power distribution boxes, without requiring access to the machine position [17] . Thus, this method is useful to examine the health of machines operating in hazardous and extreme environments, and where accessibility to the machine is difficult, for example, in nuclear power plants, chemical plants, paper mills, and on-shore and off-shore facilities [18] . The main limitation of this method is that amplitude detection in the motor current signature analysis (MCSA) is affected by the amplitude of random environmental noise. Furthermore, MCSA requires a harmonic frequency model to identify fault-related harmonics. These harmonic frequency models are available only for bearing defects, and models for impeller faults and pipe blockages do not exist. Thus, the MCSA technique cannot diagnose such faults [19] [20] [21] . The instant power technique has been suggested as an alternative non-invasive approach to MCSA for diagnosing bearing faults in an induction motor [22] . The mathematical model of the instant power technique provides an extra harmonic frequency related to the faults, and provides more information related to the health of the machine. However, the instant power technique requires information from the current sensor and the voltage sensor, and has thus been proven to be expensive when compared with MCSA [23, 24] . Furthermore, the capability of the instant power technique to diagnose pump impeller and cavity faults has yet to be investigated.
Park's vector analysis of the motor current has been used by some researchers to analyze the bearing, eccentricity, and rotor faults [25] [26] [27] [28] . In their work, the three-phase current has been converted to a two-phase current, and the frequency analysis of the two-phase current spectrum gives information about the machine health. Although the frequency spectrum of the two-phase current gives better information about the machine faults, the intensive mathematical computation is a major limitation [28] . Furthermore, the capability of the two-phase analysis technique to diagnose centrifugal pump faults has never been investigated in previously published research.
The main contribution of this paper is to develop a non-intrusive EDT to diagnose impeller faults and pipe blockages. The developed EDT collects the three-phase currents from the sensors, and transforms them into two-phase d-q currents. These d-q currents are plotted to get d-q patterns. The visual and statistical analyses of these d-q patterns give the health status of the centrifugal pump.
The rest of the paper is structured as follows: Section 2 gives the components of the fault analysis test rig. Section 3 provides an analysis of the results. Finally, Section 4 provides conclusions.
Fault Analysis Test Setup
An EDT-based fault diagnosis system has been developed using components such as a centrifugal pump, data acquisition module (PXIe-1082(National Instruments, Budapest; Hungary)), Laboratory Virtual Instrument Engineering Workbench (LabVIEW), variable frequency drive (KOC100-2R2T4(Shenzhen KCLY Electric Co., Ltd, Shenzhen; China)), and current sensors (SCT-013-10(YHDC, Qinhuangdao; China), input: 0~10 A, output: 0~1 V). The current sensors are interfaced with a PXIe-6363 card, which has been installed in the chassis of the PXIe-1082. The continuous data acquisition mode of the data acquisition assistant in LabVIEW was used to collect the data. Then, 1000 samples of the three-phase stator current were collected from the current sensors at a 4 kHz sampling rate, and were analyzed in LabVIEW. The EDT was developed so as to convert the three-phase quantities into two-phase d-q quantities. These two-phase d-q quantities were transformed into d-q patterns. These d-q patterns provide a visual analysis and an indication of the pump health condition. Furthermore, an algorithm was developed in LabVIEW to calculate the statistical features (such as the shape and thickness) of these d-q patterns, and the segregation of various d-q patterns was performed based on these statistical features. The block diagram of the proposed condition monitoring system and the developed test set-up is shown in Figure 3 . The centrifugal pump (JHF3X-51SAE (SAMNAN Saudi Arabia, Riyadh; Saudi Arabia), three-phase, 1.5 HP, 3450 rpm) was operated at a full speed of 3000 rpm, at 50 Hz. The flow chart of the proposed EDT-based condition monitoring system is shown in Figure 4 .
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(a) The faults in the impeller were created in the laboratory by artificial damage. Impeller fault type 1 was created by damaging the impeller surface, as shown in Figure 5 . Similarly, impeller fault types 2 and 3 were created at an angle of 120 • . The pipe blockages were created by closing the hand valve, as shown in Figure 6 . The faults in the impeller were created in the laboratory by artificial damage. Impeller fault type 1 was created by damaging the impeller surface, as shown in Figure 5 . Similarly, impeller fault types 2 and 3 were created at an angle of 120°. The pipe blockages were created by closing the hand valve, as shown in Figure 6 . 
Results and Analysis
The d-q patterns of the two-phase currents were plotted using the EDT programmed in LabVIEW. The plot of the healthy pump is shown in Figure 6 , and the d-q plots of the impeller faults and pipe blockages are shown in Figure 7 ; Figure 8 , respectively. 
The d-q patterns of the two-phase currents were plotted using the EDT programmed in LabVIEW. The plot of the healthy pump is shown in Figure 6 , and the d-q plots of the impeller faults and pipe blockages are shown in Figure 7; Figure 8 This visual comparison can give information to machine operators about the health condition of the pump, and they can then plan the maintenance for any upcoming failure. On the other hand, a statistical analysis of the various patterns was also performed for automatic decision making regarding the centrifugal pump health. The statistical analysis technique, based on the calculation of the splitting factor of the curve, was used in this paper for the analysis of the d-q patterns of the pump [14] . The mathematical model of the splitting factor is included in the Appendix. The algorithm for calculating the statistical parameter (splitting factor) was incorporated in the LabVIEW-based EDT, and the results are shown in Table 1 . The d-q patterns, shown in Figures 6-8 , for the various health conditions of the centrifugal pump, could be analyzed on site by machine operators through a visual comparison of the various patterns. This visual comparison can give information to machine operators about the health condition of the pump, and they can then plan the maintenance for any upcoming failure. On the other hand, a statistical analysis of the various patterns was also performed for automatic decision making regarding the centrifugal pump health. The statistical analysis technique, based on the calculation of the splitting factor of the curve, was used in this paper for the analysis of the d-q patterns of the pump [14] . The mathematical model of the splitting factor is included in the Appendix A. The algorithm for calculating the statistical parameter (splitting factor) was incorporated in the LabVIEW-based EDT, and the results are shown in Table 1 . It has been observed from Table 1 that each type of centrifugal pump fault has its unique splitting factor, and the splitting factor increases with the increase in fault severity. Thus, the centrifugal pump health could be estimated, and various fault types could be segregated based on the curve splitting factor. The uniqueness of the splitting factor of the impeller faults and pipe blockages has been confirmed by comparing the results with other fault types, and this is shown in Table 2 . The authors of [14] calculated the splitting factor for the outer race and inner race faults, which were reported to be 1.75 and 1.70, respectively. The splitting factor for a motor winding inter-turn short circuit was shown to be 1.8 [29] . Similarly, the splitting factor for a motor eccentricity fault was shown to be 1.64 [30] . The current study calculated the splitting factor for three fault levels of impeller faults and two levels of pipe blockages. The splitting factor values were unique for each fault type. Thus, the splitting factor information could be used in online fault diagnostic applications for the identification and segregation of various fault types. The superiority of EDT has been compared with other published techniques in order to verify the importance and usability of EDT in centrifugal pump fault diagnostics. The vibration analysis technique was used by the authors of [7, 11] to diagnose seal damage and cavity faults in pumps. Although vibration analysis has been proven to be a reliable diagnostic technique, it is an intrusive technique, as it requires expensive sensors that need access to a pump's installation location for data collection. Furthermore, vibration analysis cannot be used by machine operators for the on-site analysis of pump health, and requires an off-site analysis of the data by experts. A non-intrusive fault diagnostics technique based on MCSA was developed by the authors of [17, 18] . They diagnosed impeller faults, and showed that their proposed technique is the best possible alternative to the vibration analysis technique. However, MCSA cannot be used for on-site diagnostics by machine operators, and it needs experts for the off-site data analysis and interpretation. The MCSA-based diagnostics use frequency models that are not available for pump impeller and pipe blockage faults. Furthermore, MCSA signatures are suppressed under large amplitudes of environmental noise. In the literature [14] , Park's analysis was performed in order to diagnose the bearing faults in an induction motor. They calculated the statistical features that distinguish between localized faults and distributed faults in the bearings of an induction motor. Although their study has overcome the shortcomings of MCSA, the scope of the study was limited to only an induction of motor bearing faults. Another attempt was made by the authors of [28] to diagnose bearing faults using the frequency spectrum of Park's transformation axis. The drawback of their study was the extensive and lengthy calculations for the frequencies of the faulty bearings. Furthermore, the centrifugal pump impeller faults and pipe blockages were not considered in their study, because of the unavailability of accurate frequency models. The comparison is summarized in Table 3 . 
Conclusions
This paper has presented a novel EDT programmed in LabVIEW for the diagnostics of centrifugal pump faults. The impeller faults and pipe blockages have been diagnosed. The EDT has converted the three-phase currents measured from the pump supply, to two-phase d-q currents, which have been plotted as d-q patterns. It has been concluded that the d-q patterns are unique in shape and thickness for a healthy pump, impeller faults, and pipe blockages. Thus, these d-q patterns could be used as visual indicators of pump health conditions. Furthermore, the splitting factor of the d-q patterns has been calculated and used as a statistical analysis of the faults. The novelty and superiority of the developed EDT have been confirmed through a comparison with other published techniques used in centrifugal pump fault diagnostics.
